Abstract. An achromatization method optimized for dual-channel imaging is developed. Dichroic mirrors are employed to split and recombine narrowband signals, and separation between catoptric components is used to minimize the longitudinal chromatic shift. An achromatic system based on this principle could be built from singlet lenses, since refractive element properties such as dispersion and power are not utilized to optimize wavelength-dependent performance. To demonstrate the validity of the proposed solution, a prototype miniature fluorescence microscope optimized for two emission lines of acridine orange (525 and 650 nm) is built. To reduce the cost and accelerate assembly, the system is built from commercially available optical components. The optical train consisted of two plastic singlet lenses combined with a pair of dichroic mirrors. Optical performance of the prototype is evaluated by imaging a bar line target at both design wavelengths. To demonstrate the potential of the proposed design strategy, the achromatic system prototype is used to measure a two-part white blood cells differential count on a venous blood sample. Data from the prototype fluorescence microscope are compared against results from a commercially available blood analyzer, and the difference between both instruments is within 20%.
Introduction
Optical systems are typically expected to meet stringent image quality metrics over a broad range of wavelengths. Achromats are the simplest optical components optimized for multispectral performance. In achromatic designs, the back focal plane positions are controlled at two selected spectral bands. Advanced apochromatic systems minimize the chromatic back focus variation in a secondary spectrum region, which is left uncorrected in achromatic designs. Because geometric and wavelength-dependent aberrations are typically corrected at the same time, construction of achromatic and apochromatic systems is difficult and various strategies have been developed over the years to address that problem.
Most commercially available achromatic systems are constructed by combining glasses with dissimilar dispersion properties. Usually, positive and negative lenses made out of two materials having different Abbe number are matched together. Typically, crowns are paired with flints, and a combination of two or more lenses is glued together to produce a robust, integrated component. 1 If the correction of geometric aberrations is critical from a performance stand-point, multilens achromatic systems may be mounted together with air-spaces, though such systems are typically sensitive to manufacturing and assembly tolerances. 1 Plastic optical materials can also be successfully combined together to form doublets, [2] [3] [4] and such systems are well suited for mass production due to scalability of an injection molding process. Hybrid glass and plastic achromatic systems built using the above-mentioned strategies have also been reported. 5 To overcome the linear relation limitation between Abbe number and relative partial dispersion seen in most glasses, heterogeneous glass-liquid-glass multilayered structures were developed to take advantage of the unique dispersion properties of liquids. 6, 7 Independent from material choice, construction of achromatic lenses requires precise knowledge of the refractive index of constituent parts, and often systems need to be reoptimized for a specific batch of material(s), which make doublets more labor-intensive and expensive as compared with singlet lenses.
Recent progress in manufacturing technologies, specifically diamond turning and injection molding, allowed for the integration of diffractive optical elements (DOE) with lenses. Since the dispersion of diffractive components has an opposite sign to the dispersion of the bulk optical materials, a lens can be achromatized by careful numerical optimization of a diffractive pattern that is specifically tailored to a given working condition. Typically, mass-produced plastic components are achromatized this way due to the fact that the initial expensive injection mold price tag can be split across millions of copies. 8, 9 The applicability of DOEs is limited by the efficiency of the diffractive structures, and typically, only one component in the optical train can be achromatized this way. 10 Alternatively, achromatic systems can be constructed from reflective components due to the wavelength-independent nature of the reflection angle. Thus, catoptric systems by definition are apochromatic in a range limited by the reflectivity of the material. 11 While catoptric systems can work in a broad spectrum range, systems achromatized that way are usually bulky and suffer from small field-of-view (FOV), and for that reason, reflective systems are mainly used to design astronomical telescopes or specialty objectives, such as photographic telephoto lenses or broadband microscope objectives.
Fluorescence microscopy revolutionized the biomedical diagnostic landscape by replacing morphological examination of images with simple and easy-to-automate analysis of intensity. Thanks to the progress in development of highly specific dyes with controllable chemical and optical properties, simultaneous observation of multiple target molecules becomes possible. Typically, information about concurring processes or molecules observed in parallel is encoded in spectrally separated fluorescence channels. Thus, fluorescence optical systems need to be achromatized to provide uniform performance across all spectral channels of interest. For example, dual-channel fluorescence microscopic system can be used for tissue diagnostic purposes by making use of metachromatic dyes such as toluidine blue.
12 Drug concentration levels can be monitored at the point-of-care settings by two-channel fluorescence systems utilizing bioluminescent sensor proteins. 13 Dual-channel fluorescence systems can be employed to delineate human leukemia types 14 and diagnose Creutzfeld-Jakob and Alzheimer diseases. 15 In this paper, we describe a cost-effective achromatization method suitable for narrow-band multichannel imaging systems for point-of-care applications. The presented concept is used in a molecular detection digital microscope and allows for relaxed system requirements. Fluorescence microscopes in general need to include filters to separate the strong excitation signal from the much weaker emission signal. Since these filters are necessary, we decided to incorporate the filter into the optical design as a way to perform chromatic correction. By doing so, we allow for looser requirements in the design and application of single lens plastic components. The overall cost of such devices can be low and broadly deployed in a number of specialized applications at the point of care, including, for example, white blood cell (WBC) count and differential tests. Specifically, we propose to correct the axial chromatic shift between mutually exclusive, narrowband spectral signals by adjusting propagation path length for each channel individually. Longitudinal chromatic aberration is compensated by axial separation between dichroic mirror surfaces, which are used to split and recombine spectrally separated imaging channels. We demonstrate the feasibility of this solution through a custom compound microscope constructed from two singlet lenses and a pair of dichroic mirrors optimized for the emission lines of acridine orange (AO). To reduce the cost of the prototype, only commercially available components were used. We present a detailed description of the optomechanical design, report manufacturing steps, and evaluate the performance of the prototype. Because the catadioptric miniature microscope was built from two singlet lenses and two mirrors, the optical system was simple, which will translate in the future to low price of the final system. Additionally, since all components are commercially available, this would allow the device to be mass producible, further driving down the cost of the molecular detection-based imaging systems.
To demonstrate the viability of the microscope, we performed a two-part WBC differential count on a sample of whole venous blood. The WBC count is one of the most common blood tests and can be used, for example, to discern viral from bacterial infections. The metachromatic organic dye AO can be used to distinguish between different types of WBCs. When bound with DNA, AO fluoresces green (Ex. 502 nm, Em. 525 nm) and when bound with RNA, it emits in the red part of the spectrum (Ex. 460 nm, Em. 650 nm). Based on the ratio of intensity in these two emission channels, individual WBCs can be divided into agranulocytes and granulocytes. The cell count for each group together with their ratio is frequently used to diagnose overall patient condition, and in the case of infection can be used to identify its nature. The result obtained from the prototype of a miniature fluorescent microscope was compared against a commercially available hematology analyzer. To the best of our knowledge, this is the first publication to describe a multichannel achromatization strategy that allows separate correction of monochromatic and chromatic aberrations in a catadioptric system exclusively built from singlet lenses.
Optical Design
A schematic of an optical system illustrating the presented achromatization principle is shown in Fig. 1 . A two element microscope built from a pair of singlet lenses with the optical path folded by a 45-deg mirror is depicted in Fig. 1(a) . In this configuration, the images of an object for two mutually exclusive spectral channels centered at λ r and λ g (red and green lines, respectively, with λ g < λ r ) are separated by an axial distance δ z due to uncorrected chromatic aberrations induced by the lenses L1 and L2. To correct the chromatic shift between both images, we propose to replace the path-folding mirror with a set of two dichroic elements as schematically depicted in Fig. 1(b) . The first dichroic mirror reflects the radiation centered at λ g , for which the index of refraction of both singlet lenses L1 and L2 is higher and for which the working distance in the image space is shorter. The second dichroic mirror reflects light from the imaging channel centered at λ r , for which the index of refraction of both singlet lenses is smaller and for which the working distance in the image space is longer. In this configuration, axial shift between both channels can be corrected by adjusting the axial separation between dichroic mirrors. The radii of curvature of lenses L1 and L2 together with the interelement distances can be used to further optimize system performance. The proposed achromatization method introduces a lateral chromatic image shift, which is proportional to the axial separation between the dichroic components. However, the lateral chromatic shift can be corrected numerically if the spectral channels centered at λ r and λ g can be separated, which can be achieved by employing a color-sensitive detector.
A fluorescent microscope optimized for a two-part WBC differential was built to demonstrate the applicability of the presented achromatization principle. The system was optimized for two emission lines of AO centered at 525 and 650 nm, respectively. The designed FOV had a diameter of 1 mm to acquire at least 100 WBCs within the measurement window of a custom cartridge 16 filled with undiluted blood. The minimum WBCs count was necessary to reach a clinically relevant coefficient of variation of 10%. 17 Image side NA was set to 0.25 to provide adequate resolution to distinguish the smallest leukocytes, which have an average diameter on the order of 7 μm, as well as to guarantee sufficient light collection efficiency to image the emitted fluorescence signal from AO. The working distance was constrained to 1 mm to allow for comfortable insertion and removal of test cartridges.
Commercially available components were used to reduce cost and speed-up construction of the prototype. A combination of components that met our initial requirements regarding FOV, magnification, and object space NA was identified using the built-in database of plastic/glass singlet objectives in Zemax (Radiant Vision Systems, Washington), together with online resources from major optics vendors (Edmund Optics, Thorlabs). In all tested combinations, two dichroic mirrors were placed between the microscope objective and the tube lens. Specifically, a short-pass dichroic beam splitter (FF611-SDi01-25x36, 611 nm, Semrock) and a long-pass dichroic beam splitter (FF593-Di03-25x36, 594 nm, Semrock) were modeled in a multiconfiguration system to enable correction of axial chromatism for 525-and 650-nm wavelengths. The working distance of the microscope objective and intercomponent separation together with image distance were used to optimize system performance. Distance between the dichroic mirrors in the 650 nm configuration was adjusted to correct for axial chromatic aberration. After sorting all tested combinations of lenses in ascending order of the on-axis root mean square (RMS) spot diameters, the combination of lenses that yielded the smallest RMS spot size consisted of a molded acrylic aspheric lens, f ¼ 15.12 mm (APL0615, Thorlabs) working in tandem with an uncoated double-convex lens f ¼ 39.16 mm (63540, Edmund Optics).
The shorter focal length lens served as a microscope objective, while the Edmund Optics lens worked as a tube lens. Using these stock lenses, the best system had an RMS wavefront error of 0.37 waves for both monochromatic configurations. Since the nominal performance of the system evaluated using RMS wavefront error was not satisfactory, we decided to customize the first lens by setting both radii and conic constants as variables. Care was taken during subsequent optimization iterations to make sure that the optimized lens shape could be manufactured using singlepoint diamond turning technology, i.e., the lens would be manufactured by removing material from the stock lens. Additional constraint parameters controlled the axial thickness and sag of both surfaces to ensure that the axial length of the cylindrical part of the modified lens would be longer than 1.5 mm to allow for robust mounting on the diamond turning lathe. After optimization, the stock concave-convex APL0615 lens was turned into a 3.85-mm long double convex lens with aspheric surfaces. A cross-sectional drawing showing the off-the-shelf APL0615 and its modified version is shown in Fig. 1(c) . The envelope of the stock APL0615 lens is drawn using a black continuous line, and the red line depicts shape of the modified lens; the dark grayed areas on Fig. 1(c) mark the volume of the stock lens that was removed.
The optical prescription of the miniature achromatic dual-channel catadioptric microscope is shown in Table 1 . The final system's Strehl ratio measured for an axial field point was equal to 0.88 and 0.95 for the 525-and 650-nm configurations, respectively. The nominal modulation transfer function plots for both monochromatic configurations are shown in Figs. 2(a) and 2(b) for green and red spectral channels, respectively, for axial and marginal field points. The field curvature plots for both sagittal and tangential points are shown in Fig. 2(c) . Distortion plots for both configurations are depicted in Fig. 2(d) . The diffractionlimited performance for the presented system was preserved within a centrally located 0.44-mm diameter disk. At the edge of the FOV (0.5-mm field point), the RMS spot diagram radius had the largest value and was 2.1 and 1.6 times larger than the Airy disk radius for the 525-and 650-nm configurations, respectively. Sagittal field curvatures for both design wavelengths were above the systems depth of focus (0.22 mm for the shorter design wavelength). The field curvature was left uncorrected due to the limited ability to introduce elements with negative power, physical component separation constraints, and the overarching goal of simplifying the system optomechanical design. Distortion had a negative sign for both configurations, suggesting barreltype geometric deformation, which was negligible for our application amplitude below −0.3%. Since the system was nominally diffraction limited at the optical axis (resolution of 1.05 and 1.25 μm for 525-and 650-nm bands, respectively) and would reach a resolution of 2.7 and 2.8 μm at the edges of the FOV for 525-and 650-nm configurations, respectively, the minimum resolution criterion was met for all field points. Since the presented achromatization method relies on the introduction of spectrally optimized focusing distance, it cannot be used in an infinity corrected microscope configuration. While the starting configuration for all combinations of tested lenses was deliberately chosen to be an infinity corrected compound microscope, the distance between the tube lens and the microscope objective was used as one of the optimization variables.
The achromatization approach presented in this paper enables correction of axial chromatism, but due to axial separation between mirrors induces lateral chromatism. Lateral chromatic aberration, schematically depicted in Fig. 1(b) , cannot be optically corrected in a system assembled from two singlet lenses. However, the two emission lines of AO can be separated directly by red and green filters of a Bayer mask RGB camera, because the emission line of AO centered at 525 nm overlaps with the spectral sensitivity of green Bayer mask filters and the 650-nm emission line falls within the spectral sensitivity range of red Bayer mask filters. In general, central wavelengths of optimized channels do not have to overlap with the spectral sensitivity of the image detector color channels. Alternatively, the problem of spectral separation can be solved by taking advantage of a hue-saturation-Luma (HSL) rather than an RGB color model. In the HSL space, mutually separated emission lines can be identified in two-dimensional hue-saturation space, whose extent is limited by the spectral sensitivity of a detector. Spectrally separated and laterally shifted images can be later electronically overlaid using geometric transformations into a composite two-channel image. Lateral chromatic shift in the presented system for a marginal field point was equal to 232 μm. Note that in general one needs to control the magnitude of the lateral chromatic shift, as it reduces the overlapping area between two spectrally separated images. The main parameters of the prototype are assembled in Table 2 .
Optomechanical Design and Prototype
Evaluation The optomechanical schematic of the miniature catadioptric fluorescent microscope prototype is shown in Fig. 3 . The exploded view of the system with major parts labeled is depicted in Fig. 3(a) . The cross-sectional view through the assembled system showing lens ports and mounting features is shown in Fig. 3(b) . The system chassis together with lens mounts and spacers were designed in SolidWorks (Dassault Systèmes, France).
Mechanical components were manufactured on a ProJet SD3000 3-D printer (3-D Systems) from UV curable epoxy. A spacer placed between the dichroic mirrors was originally 3-D printed but later was replaced by spacers made from paper, as the 3-D printed component did not meet expected dimensional tolerances. The APL0615 polymer lens was customized on an Optimum 2400 diamond turning lathe (Precitech), and the NanoCam2D software (Moore Tools) was used to automatically generate a tool path based on the Zemax model. Microscope assembly was performed with compression mounting using six flat head screws. Metal nuts and screws were used because the mechanical properties of 3-D printed parts were not conducive to designs featuring snap-like dismountable components, and printed threads did not have enough mechanical strength to support multiple mount-dismount cycles required at the prototype stage. A picture of the assembled microscope is shown in Fig. 3(c) with a one cent coin for size comparison. In all experiments, a Flea3 color camera (FL3-U3-88S2C, FLIR) served as an image detector, and the manufacturer-provided FlyCapture2 (FLIR) program was used to acquire images in a raw, nondemosaicked format. The optical performance of the prototype was tested using a 1951 United States Air Force (USAF) resolution target. To simulate the emission spectra of AO, tests were performed using two narrowband filters centered at 520 nm (EO #65-639) and 650 nm (EO #65-655), which were successively placed into the optical train of the imaging system. The images of the USAF bar test captured for red and green channels are shown in Figs. 4(a) and 4(b) , respectively. Subimages (a) and (b) represent raw intensity samples that were not modified by application of the demosaicking filter, which is typically used to provide continuous and equally spaced distribution of spectrally separated intensity samples. A composite representation of the test object is shown in Fig. 4(c) . Input images were combined by means of a custom script developed in MATLAB (MathWorks), which shifted one of the images by the operator-selected vector hΔx; Δyi before combining them together. The smallest resolvable features within the composite image were part of group 8 element 1, which corresponds to a resolution of 256 lp∕mm. A magnified version of group 8 element 1 is given in the inset of Fig. 4(c) (center bottom) . The measured FOV had a 0.85-mm diameter, and at tested conjugates, the system reached a 5.2× magnification. According to the Rayleigh criterion, a diffraction-limited system at 650 nm working at an NA of 0.25 should resolve element 2 from group 9. The measured resolution was below nominal, but was better than the minimum required for the application. We attribute the theoretically predicted and experimentally measured resolution discrepancy to the structural imperfections of the enclosure. To minimize system footprint, thin-walled components were utilized across the mechanical design, and during postprocessing operations (oil and detergent baths applied to remove support material), these components warped and negatively affected alignment. Additionally, due to limited access to specialized metrology equipment, the distances between both lenses and dichroic mirrors was not verified and could be potentially off nominal values. The measured FOV was smaller than theoretically predicted (73% of the nominal FOV) due to the size of the Flea3 detector and was not limited by the optical system itself. The FL3-U3-88S2C camera was used because of its pixel size, application-appropriate spectral sensitivity, and low noise. While the reduced FOV will have an impact on the total cell count, according to the experimental data 17 it was predicted that at least 110 leukocytes would be visualized, a count slightly above the minimum required (of at least 100).
Two-Part White-Blood Cell Count Experiment
To experimentally verify the system performance, a sample of whole blood was deposited into the input port of a disposable cartridge and was subsequently stained with AO. The sample preparation and imaging procedures were identical to those described in previous publications. 4, 17 The illumination system consisted of a 470-nm LED and an excitation filter (FF01-470/28-25, Semrock). An example composite image of whole blood stained with AO is shown in Fig. 5 .
For each WBC in the image, the red-to-green (RG) ratio was calculated and the results were plotted on a histogram. This RG ratio histogram was later used to separate the agranulocytes (that tended to have a stronger green signal and thus a lower RG ratio) from the granulocytes (that tended to have a stronger red signal and thus a higher RG ratio). A detailed description of the algorithm together with calibration procedures are provided in previous papers. 4, 16, 18, 19 The overall concentration of WBCs was found by dividing the total number of WBCs by the sample volume. The results of the WBC counts are summarized in Table 3 . The reported WBC counts were the average values of three FOVs from the same sample cartridge. These values were compared with the gold standard results from a commercial AcT Diff2 hematology analyzer (Beckman Coulter) and fell within 20% of the reference value. To meet Clinical Laboratory Improvement Amendments requirements, our results would have to be within 15% from the reference standard instrument. The difference between the standard and presented measurements can be reduced by improvements to both hardware and software. Since the WBCs count coefficient of variation depends on the number of WBCs within the field of view, the increase of the former at identical blood concentration levels should improve results. Additionally, further improvements to the system (such as a chassis with enhanced rigidity) and the collection of additional experimental data can contribute to improved repeatability and robustness of the data processing algorithm.
Future Development Directions
The optical system presented in this paper and depicted in Fig. 3(c) constitutes the simplest form of an achromatic catadioptric imaging system in which chromatic longitudinal aberration is compensated by axial separation of dichroic mirrors. The presented system incorporates two spectrally encoded mirrors, shown in Fig. 6(a) , while in general, a production type system based on this principle could potentially utilize a double-coated dichroic mirror, as shown in Fig. 6(b) . The use of an integrated component has a few advantages. From the optomechanical perspective, the separation between the two surfaces and their relative spatial orientation can be more tightly controlled for in a single glass substrate, in contrast to positioning a pair of mirrors. The price of a double-sided dichroic component may be competitive to a set of two off-the-shelf mirrors because optical coating jobs are typically quoted per process and not per part(s). Since the surface area of an integrated double-sided dichroic mirror can be optimized for a specific application (in the presented system, it could be reduced to ∼4.2 mm in diameter), one may manufacture simultaneously tens of these components in a single process.
The presented achromatization strategy may be used to optimize three or more spectral channels by building sandwich-like structures from dichroic mirrors, schematically shown in Fig. 6(c) . While the unwanted lateral chromatic aberration introduced by a set of axially separated dichroic mirrors cannot be corrected optically in the system schematically shown in Fig. 1(b) , by use of a secondary set of complementary dichroic mirrors one may try to minimize both lateral and longitudinal chromatic shift, as schematically shown in Fig. 6(d) . We would like to emphasize that in the presented achromatization method, axial chromatic aberration can only be corrected for in a narrow range of wavelengths for which longitudinal chromatic shift is within the Fig. 5 Composite image of WBCs stained with AO. Image was cropped to remove nonused area of imaging sensor. Contrast was numerically enhanced for visualization purposes. Granulocytes (%) 68.6 62.4
Fig . 6 Subsystem of (a) a dual-channel achromatic catadioptric system utilizing two separate dichroic mirrors and (b) a single-double-side coated dichroic mirror. (c) Conceptual rendering of a composite dichroic mirror optimized for three imaging channels. Optical schematic of a system for which both lateral and axial chromatic aberration can be corrected using the proposed achromatization principle.
system's depth of field. As a result, broadband performance is highly dependent on the dispersive properties of the utilized glass, and materials with high Abbe number such as CaF 2 , MgF 2 , MgF 2 , and phosphate-type crowns should be used to minimize secondary chromatic aberration. Since those materials typically have a very low index of refraction, to control system aberration one should minimize the power of these components. As an induced lateral chromatic aberration results in nonsymmetric propagation of rays for all field points, correction of off-axis aberrations such as coma and astigmatism may be difficult. The presented achromatization method best serves applications requiring a fixed number of narrowband channels, such as fluorescence-based diagnostic imaging of WBCs stained with AO, and is not intended to be applied in systems requiring broadband optimization of a continuous spectral range. Taking the above into consideration, the intended use of the proposed solution is in low NA, small magnification imaging systems optimized for a fixed number of imaging channels, for which diffraction-limited performance is not critically important, and cost, size, and optomechanical simplicity is advantageous.
Conclusions
An achromatization methodology for catadioptric systems was developed. A prototype of a miniature, spectrally corrected microscope was developed using off-the-shelf commercially available components. The optical path of the prototype was folded by 90 deg by a set of two dichroic mirrors, where axial separation was used to correct longitudinal chromatic shift of the image plane. The system performance was optimized for two channels, which covered the emission lines of AO. Possible modifications of the proposed achromatization principle were discussed, including utilization of custom double-sided dichroic mirrors and multilayer stacks of single-sided dichroic mirrors. Limitations of the proposed solution together with suggested ways to optimize both lateral and axial chromatic shifts were also discussed. The presented achromatization principle is compatible with contemporary large-scale production processes, and even for short production runs, custom dichroic mirrors deposited on glass/plastic substrates may present a financially viable option. In the experimental system presented above, a set of two dichroic mirrors was used to optimize spectral performance. For short-scale and serial production, the two dichroic components can be replaced by a single mirror in which dimensions and custom coatings deposited on opposing sides will provide similar functionality. Although the system presented in this paper was optimized for a fixed pair of fluorescence channels, we believe that it is possible to construct a universal system around a set of swappable dichroic modules to optimize performance for multiple combinations of fluorophores, albeit working distances would probably need to be adjusted. Additionally, custom dichroic coatings may also provide the same functionality normally reserved for emission filters, further simplifying the system layout.
A WBC differential count experiment successfully demonstrated the usability of the proposed achromatization solution in a clinically relevant test. The results obtained from the prototype were compared with a reference blood analyzer and were within 20% of the reference values, which we believe could be improved in the future by further development of the system, namely modification of the field of view, chassis improvement, and data processing algorithm updates. Finally, we would like to emphasize that the proposed achromatization solution together with the selected manufacturing strategy allowed us to build a functional prototype in a very short time frame of a few weeks. In the future, we plan to develop more systems based on the presented achromatization principle with a focus on low cost, robust diagnostic imaging.
